1. Introduction {#sec1}
===============

Neurofeedback is a brain-computer interface method that makes it possible for users to gain voluntary control of their cortical oscillations by receiving direct feedback from their EEG ([@bib14]). In other words, humans can learn how to shape their brain electrical activity in a desired direction ([@bib14]) through operant conditioning ([@bib94]). Neurofeedback is considered efficacious for ADHD ([@bib61]) and medically intractable epilepsy ([@bib97]). In classical neurofeedback, usually only one recording electrode is used, recording electrical activity from widespread cortical areas. This has been successfully used in tinnitus in pilot studies ([@bib24], [@bib36], [@bib46]). However, the development of source localized neurofeedback ([@bib14], [@bib9]) permits to train specific targets in the brain, such as the anterior cingulate cortex and possibly the posterior cingulate cortex, potentially changing activity in the trained area and connectivity to/from the trained area ([@bib9]).

The posterior cingulate cortex is the most densely connected brain area ([@bib99]), part of the self-referential ([@bib7], [@bib96]) default mode network ([@bib76]) and its overall function is postulated to permit adaptation of the self to a changing internal and external environment ([@bib73]). This requires a predictive capacity, based on memory and related to the self. And indeed the default mode network is involved in remembering the past to predict the future ([@bib82]). It has 4 subregions, each with a specific function to permit this formidable task ([@bib52]): the precuneus is associated with attention, the ventral posterior cingulate cortex processes information from the internal world, the dorsal posterior cingulate cortex processes information from the external world, and the retrosplenial cortex which is connected to the ant thalamus and (para)hippocampus, is associated with memory processes ([@bib52]). The posterior cingulate cortex is also involved in tinnitus ([@bib18], [@bib19]; [@bib57], [@bib58]; [@bib62], [@bib83], [@bib89], [@bib105], [@bib106], [@bib107], [@bib114], [@bib109], [@bib122]) and especially in tinnitus distress ([@bib18], [@bib19], [@bib57], [@bib58], [@bib83], [@bib89], [@bib105], [@bib106], [@bib107], [@bib114], [@bib109]), in other words, in how the self-adapts to an internally generated sound that is perceived as coming from the external world ([@bib9]).

Tinnitus, i.e. the perception of a sound in the absence of an external sound source, has been considered as an emergent property of multiple parallel networks, whereas at least two distinct neural networks have been involved, underpinning tinnitus related loudness and distress ([@bib18], [@bib19]). Tinnitus is proposed to be a filling-in mechanism of reduced auditory input in order to reduce auditory sensory uncertainty ([@bib21]). The loudness and distress networks intercommunicate only in distressed tinnitus patients via a specific and discrete functional connection, i.e. the connection between the parahippocampal area and the subgenual anterior cingulate cortex/ventromedial prefrontal cortex ([@bib115]). The posterior cingulate cortex is not only a major hub of the default network but is as well involved in the tinnitus related distress network, in which distressed tinnitus patients have a decrease in alpha activity ([@bib109], [@bib115]), a frequency range that normally correlates positively with activity in the default network ([@bib54]). However, reduction of tinnitus related distress has been correlated with increased synchronization of alpha activity in the posterior cingulate cortex combined with decreased beta and gamma activity within the precuneus/posterior cingulate cortex ([@bib106]). Additionally, desynchronization of alpha activity seems to be related to cognitive processing ([@bib68]), which might suggest that distressed tinnitus patients are continuously actively engaged in processing the tinnitus sound resulting in a constant state of attentional processing. Based on these observations, we hypothesize that up-training alpha and down-training beta and gamma activity in the posterior cingulate cortex has a moderating effect on tinnitus related distress by influencing neural activity of the target region as well as the connectivity within the default network and other functionally connected brain areas.

2. Methodology {#sec2}
==============

2.1. Subjects {#sec2.1}
-------------

Fifty-eight patients with chronic tinnitus were included in the study from the Tinnitus Research Initiative (TRI) clinic, Antwerp, Belgium. The mean age of the patients was 45.36 years (*Sd* = 9.54) and the mean tinnitus duration was 3.56 years (*Sd* = 4.23). Of these 58 patients, 23 tinnitus patients received NF training of the posterior cingulate cortex with the aim of up-training alpha and down-training beta and gamma activity, while 17 patients underwent training of the lingual gyrus as a control situation. The lingual gyrus is adjacent to the posterior cingulate cortex and the parahippocampal gyrus, but not involved in tinnitus distress processing. Its main function is related to visual rather than auditory processing. A second control group consisted of 18 tinnitus patients on a waiting list for future tinnitus treatment.

Individuals with pulsatile tinnitus, Ménière disease, otosclerosis, chronic headache, neurological disorders such as brain tumors, and individuals being treated for mental disorders were not included in the study in order to obtain a homogeneous sample. All patients included for this study first underwent a complete audiological, ENT, and neurological investigation. In addition, several technical investigations were performed, including MRI of the brain. Collection of the data was under approval of IRB UZA OGA85. All patients gave an informed consent.

2.2. Healthy control group {#sec2.2}
--------------------------

Group age and gender matched EEG data of a healthy control group (N = 22; *M* = 45.2 years; *Sd* = 10.02) was collected. None of these subjects were known to suffer from tinnitus. Exclusion criteria were known psychiatric or neurological illness, psychiatric history or drug/alcohol abuse, history of head injury (with loss of consciousness) or seizures, headache, or physical disability.

2.3. Questionnaires {#sec2.3}
-------------------

All patients filled out a numeric rating scale (NRS) before and after the NF training measuring tinnitus loudness ('How loud do you perceive your tinnitus?': 0 = no tinnitus and 10 = as loud as imaginable). Moreover, to assess tinnitus severity all patients filled in the validated Dutch version of the Tinnitus Questionnaire (TQ) ([@bib60]; [@bib110]), originally published by [@bib32], and shown to be a reliable measure for tinnitus-related distress ([@bib110]). The global TQ score can be computed to measure the general level of psychological and psychosomatic distress, with a further subdivision made to measure emotional and cognitive distress, intrusiveness, auditory perceptual difficulties, sleep disturbances, and somatic complaints. A 3-point scale is given for all 52 items, ranging from "true" (2 points) to "partly true" (1 point) and "not true" (0 points). The total score (from 0 to 84) was computed according to standard criteria published in previous work ([@bib38], [@bib39], [@bib60]). Based on the total score on the TQ, participants were assigned to a distress category: slight (0--30 points; grade 1), moderate (31--46; grade 2), severe (47--59; grade 3), and very severe (60--84; grade 4). Furthermore, [@bib32] stated that grade 4 tinnitus patients are psychologically decompensated, indicating that patients categorized into this group cannot cope with their tinnitus.

2.4. Neurofeedback training {#sec2.4}
---------------------------

The neurofeedback training was performed using Brain Tuner Version 1.4 (<http://www.mitsar-medical.com>) from Mitsar. The EEG mitsar has 19 electrodes (Fp1, Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8, O1 O2) in the standard 10--20 International placement, and impedances were checked to remain below 5 kΩ. We used a bipolar montage and the ground electrode on the skull, which is optimal for artifact rejection. Training protocols were individually selected, combining behavioral information and data from the QEEG. LORETA source localization permits the selection of any region of the brain for feedback of the current density, using 5 voxels as ROI, which are selected based on MNI coordinates (see [Table 1](#tbl1){ref-type="table"}). The 5 voxels are chosen with one central voxel in addition to an inferior, superior, medial and lateral voxel in the form of a cross. The current densities for the chosen voxels are computed continuously using Fast Fourier Transformation and the inverse solution LORETA software. The current density signal is computed as a ratio of powers in two bands and can be fed back by changing the height of a bar on the computer screen. More specifically, the protocol was designed to up-regulate alpha activity (8 Hz--12 Hz) and suppress beta and gamma activity (12.5 Hz--44 Hz) in a region corresponding to the posterior cingulate cortex in 23 patients or the lingual gyrus in 17 patients. This feedback parameter is proportionally presented as a visual beam on a screen in front of the patients.Table 1MNI-coordinates for neurofeedback stimulation for the posterior cingulate cortex and the lingual gyrus.Table 1XYZ**Posterior cingulate cortex**0−50250−15350−33311−1535−1−1535**Lingual gyrus**−28−60−4−25−60−5−21−59−1−19−67−2−32−64−3

Patients undergoing source localized neurofeedback participated in 15 sessions of neurofeedback training, in which they were asked to focus on increasing the visual beam height, representing the ratio of alpha and beta/gamma activity. Each session lasted 45 min, with 30--35 min of training. A 2 min\' baseline was recorded before the training procedure to determine the level of threshold for reinforcement. This baseline was sometimes adjusted during the session, however, to regulate the percentage of time above threshold between 70% and 85%. After 5 min of training, there was a 1 min pause. During baseline and pauses, patients were asked to relax; to breathe deeply, not focusing on anything special; and to ''lower their shoulders.''. Every training session started with simple visual feedback: a green bar on a grey screen following the dynamics of the feedback parameters and a horizontal threshold line in the middle of the screen. It was explained to patients that this was a method of increasing their attention skills, and that the feedback was controlled by their brainwaves reflecting levels of attention. They were asked to raise the bar above the threshold without tightening their muscles and to notice their own mental state when they succeeded. The percentage of time above threshold was shown at the top of the screen.

2.5. EEG recording: pre -post treatment {#sec2.5}
---------------------------------------

Resting state EEG was collected immediately before treatment and immediately after the last treatment (15 sessions). EEGs were obtained in a fully lighted room with each participant sitting upright in a comfortable chair. The EEG was sampled with 19 electrodes (Fp1, Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8, O1 O2) in the standard 10--20 International placement referenced to linked ears and impedances were checked to remain below 5 kΩ. Data were collected with the eyes closed during 5 min, from which we removed the artifacts. Subsequently, we collected the first 100 2-s epochs of the remaining EEG (sampling rate = 1024 Hz, band passed 0.15--200 Hz). Data were resampled to 128 Hz, band-pass filtered (fast Fourier transform filter) to 2--44 Hz. These data were transposed into Eureka! Software ([@bib13]), plotted and carefully inspected for manual and ICA dependent artifact-rejection. All episodic artifacts including eye blinks, eye movements, teeth clenching, body movement, or ECG artifacts were removed from the stream of the EEG. Average Fourier cross-spectral matrices were computed for the frequency bands delta (2--3.5 Hz), theta (4--7.5 Hz), alpha (8--12 Hz), beta (12.5--30 Hz) and gamma (30.5--44 Hz).

### 2.5.1. Source localization {#sec2.5.1}

Standardized low-resolution brain electromagnetic tomography (sLORETA) ([@bib69]) was used to estimate the intracerebral electrical sources that generated the scalp-recorded activity in each of the eight frequency bands. sLORETA computes electric neuronal activity as current density (A/m^2^) without assuming a predefined number of active sources. The sLORETA solution space consists of 6239 voxels (voxel size: 5-5-5 mm) and is restricted to cortical grey matter and hippocampi, as defined by digitized MNI 152 template ([@bib29]). Scalp electrode coordinates on the MNI brain are derived from the international 10--20 system ([@bib44]). The tomography sLORETA has received considerable validation from studies combining LORETA with other more established localization methods, such as fMRI ([@bib67], [@bib116]), structural MRI ([@bib123]) and PET ([@bib23], [@bib75], [@bib126]). Further sLORETA validation has been based on accepting as ground truth the localization findings obtained from invasive, implanted depth electrodes, in which case there are several studies in epilepsy ([@bib127], [@bib128]) and cognitive event-related potentials ([@bib117]).

2.6. Region of interest analysis {#sec2.6}
--------------------------------

Furthermore, the log-transformed electric current density was averaged across all voxels belonging to the region of interest (ROI), for the posterior cingulate cortex and lingual gyrus for delta (2--3.5 Hz), theta (4--7.5 Hz), alpha (8--12 Hz), beta (12.5--30 Hz), and gamma (30.5--44 Hz) frequency band.

2.7. Power to phase nesting {#sec2.7}
---------------------------

It has been proposed that alpha-beta and alpha-gamma coupling, e.g. by nesting, is an effective way of communication between cortically distant areas ([@bib11], [@bib78]). To verify whether a difference in alpha-beta and alpha-gamma nesting was present at the posterior cingulate cortex or lingual gyrus in any of the three groups before and after neurofeedback, alpha-beta and alpha-gamma nesting was computed as follows: first the time-series for the x, y, z component of the sLORETA current for each ROI was obtained, filtered in the alpha (8--12 Hz), beta (12.5--30 Hz) and gamma (30.5--44 Hz) frequency band-pass regions, representing the time series of the current in the three orthogonal directions in space. In each frequency band and for each ROI (i.e. posterior cingulate cortex and lingual gyrus) a principal component analysis was computed and the first component was retained for theta and gamma. The Hilbert Transform was then computed on the beta or gamma component and the signal envelope retained. Finally, the Pearson correlation between the alpha component and the envelope of the beta/gamma envelope was computed on the total sample.

2.8. Functional connectivity {#sec2.8}
----------------------------

Brain connectivity can refer to a pattern of anatomical links (i.e. structural connectivity), statistical dependencies (i.e. functional connectivity), or causal interactions (i.e. effective connectivity) between distinct regions within the brain. In this study we focused on both functional and effective connectivity of various brain regions. Coherence and phase synchronization between time series corresponding to different spatial locations are usually interpreted as indicators of the ''functional connectivity''. However, any measure of dependence is highly contaminated with an instantaneous, non-physiological contribution due to volume conduction and low spatial resolution ([@bib70]). Therefore Pascual-Marqui introduced a new technique (i.e. Hermitian covariance matrices) that removes this confounding factor considerably ([@bib71]). As such, this measure of dependence can be applied to any number of brain areas jointly, i.e. distributed cortical networks, whose activity can be estimated with sLORETA. Measures of linear dependence (coherence) between the multivariate time series are defined. The measures are expressed as the sum of lagged dependence and instantaneous dependence. The measures are non-negative, and take the value zero only when there is independence of the pertinent type and are defined in the frequency domains: delta (2--3.5 Hz), theta (4--7.5 Hz), alpha (8--12 Hz), beta (12.5--30 Hz), and gamma (30.5--44 Hz). Based on this principle, lagged linear connectivity was calculated. Regions of interest were defined based on previous brain research on tinnitus and included the posterior cingulate cortex, dorsal anterior cingulate cortex, subgenual anterior cingulate cortex and parahippocampal area.

2.9. Effective connectivity {#sec2.9}
---------------------------

Granger causality reflects the strength of effective connectivity (i.e. causal interactions) from one region to another by quantifying how much the signal in the seed region is able to predict the signal in the target region ([@bib31], [@bib33]). In other words, it can be considered as a directional functional connectivity. Granger causality is based on formulating a multivariate autoregressive model, and calculating the corresponding partial coherences after setting all irrelevant connections to zero. All technical details can be found in ([@bib72]). In general, the autoregressive coefficients correspond to Granger causality ([@bib33], [@bib103]). It is defined as the log-ratio between the error variance of a reduced model, which predicts one-time series based only on its own past values, and that of the full model, which in addition, includes the past values of another time series. It is important to note that Granger causality does not imply anatomical connectivity between regions but directional functional connectivity between two sources. As effective connectivity is a reflection of directional functional connectivity, only the frequency band that was significantly different in the functional connectivity analysis was selected for analyzing Granger causality.

2.10. Statistical analysis {#sec2.10}
--------------------------

Calculations were performed using SPSS 22 software package. A repeated measures analysis of variance (ANOVA) was performed with tinnitus loudness pre and post neurofeedback as within-subject variable and group (posterior cingulate cortex, lingual gyrus and waiting list) as between-subject variable. Likewise, a repeated measures ANOVA was performed with tinnitus distress pre- and post-treatment as within-subject variable and group (posterior cingulate cortex, lingual gyrus and waiting list) as between-subject variable.

In addition, we evaluated the effect of neurofeedback in tinnitus patients with low (i.e. grade I and II) and high (i.e. grade III and IV) levels of distress, according to the Tinnitus Questionnaire, separately. Therefore, we again performed a repeated measures ANOVA for both groups with tinnitus distress as within-subject variable and group (posterior cingulate cortex, lingual gyrus and waiting list) as between-subject variable. To further interpret the interaction effect, we conducted a simple contrast analysis.

Differences in brain electrical activity between pre and post neurofeedback for the three groups (posterior cingulate cortex, lingual gyrus and waiting list) was computed, as well as differences before and after the treatment for the PCC treated tinnitus group in comparison to healthy controls. sLORETA was used to perform voxel-by-voxel between-condition comparisons of the current density distribution. Non-parametric statistical analyses of sLORETA images (statistical non-parametric mapping; SnPM) were performed for each contrast using sLORETA-built-in voxel-wise randomization test (5000 permutations) and t-statistics for paired groups (*p* \< 0.05). The SnPM methodology does not require any assumption of Gaussianity and corrects for all multiple comparisons.

To identify differences in the log-transformed current density between the 2 ROI\'s, i.e. the posterior cingulate cortex and lingual gyrus, we performed a repeated measures ANOVA for the 2 ROI\'s and all frequency bands before and after the neurofeedback. In addition, we also calculated the log-transformed current density for the posterior cingulate cortex for the healthy controls. We applied a MANOVA to compare the tinnitus group who received posterior cingulate cortex neurofeedback, before and after the treatment, with the healthy controls for all frequency bands. If significant, we applied a univariate ANOVA to compare the difference at a specific frequency band.

To evaluate coupling, Pearson autocorrelations were calculated for the three groups, i.e. posterior cingulate cortex, lingual gyrus and waiting list, before and after neurofeedback at the posterior cingulate cortex. Pearson correlations were considered significant if *p* \< 0.05. Moreover, a repeated measures ANOVA was performed to assess the differences before and after neurofeedback training in power to phase coupling for alpha-beta and alpha-gamma nesting. If significant, we applied a paired *t*-test to look at the specific differences for alpha-beta and alpha-gamma nesting respectively. In addition, we also calculated the alpha-beta and alpha-gamma nesting for the healthy control group. A comparison was made between the PCC neurofeedback treated tinnitus group and the healthy controls respectively before and after neurofeedback using a MANOVA including alpha-beta and alpha-gamma nesting. If significant, we applied a post hoc test to look at the specific differences for alpha-beta and alpha-gamma coupling respectively.

Finally, to identify differences in functional connectivity pre and post neurofeedback, connectivity contrast maps were calculated through multiple ROI-by-ROI comparisons using t-statistics. The significance threshold was based on a permutation test with 5000 permutations. A repeated measures ANOVA was calculated between the Granger causality outcome measure per patient of the posterior cingulate cortex, lingual gyrus and waiting list group. In addition, we also calculated the Granger causality for the healthy control group for the alpha frequency band. A comparison was made between the healthy control group and before and after neurofeedback treatment in the tinnitus group who received PCC neurofeedback using a MANOVA including. If significant we applied a post-hoc test to look at the specific differences for functional connections.

3. Results {#sec3}
==========

3.1. Behavioral measures {#sec3.1}
------------------------

### 3.1.1. Loudness {#sec3.1.1}

A repeated measures ANOVA revealed no significant main effect of treatment (*F* = 2.48, *p* = 0.12) for tinnitus loudness and no significant interaction effect could be demonstrated for the group (posterior cingulate cortex, lingual gyrus or waiting list) (*F* = 0.43, *p* = 0.65). [Fig. 1](#fig1){ref-type="fig"} gives an overview.Fig. 1A comparison between pre and post loudness for the NF group targeting the posterior cingulate cortex, lingual gyrus and the waiting list group revealed no significant effects. A comparison between pre and post distress for the NF group targeting the posterior cingulate cortex, the lingual gyrus and the waiting list group including all levels of distress (A), low distress (B) and high distress (C). An additional comparison demonstrating the distribution of distress grades before and after treatment for the posterior cingulate cortex, lingual gyrus and the waiting list group.Fig. 1

### 3.1.2. Distress {#sec3.1.2}

A repeated measures ANOVA revealed a significant main effect (*F* = 6.49, *p* = 0.014), indicating that the distress level was decreased after treatment (*M* = 46.16, *Sd* = 17.85) in comparison to the distress level before treatment (*M* = 51.12, *Sd* = 17.86). This effect was further mediated by the group the patient was assigned to (*F* = 5.69, *p* = 0.006). That is, neurofeedback training of the posterior cingulate cortex revealed a significant effect (*F* = 22.40, *p* = 0.00002), demonstrating that the distress level post neurofeedback (*M* = 47.78, *Sd* = 15.22) was significantly decreased compared to pre neurofeedback (*M* = 58.17, *Sd* = 14.36). No significant effect was obtained when the lingual gyrus was targeted with neurofeedback (*F* = 0.29, *p* = 0.59) or in the waiting list group (*F* = 0.0089, *p* = 0.93). An overview can been found in [Fig. 1](#fig1){ref-type="fig"}.

When we only focus on tinnitus patients with low levels of distress (grade I and II) no significant effect could be obtained comparing pre-versus post neurofeedback (*F* = 0.88, *p* = 0.36) as well as for the interaction effect with group (*F* = 1.20, *p* = 0.33) ([Fig. 2](#fig2){ref-type="fig"}B). When we apply the same analysis for patients with high levels of distress (grade III and IV), no significant main effect could be obtained (*F* = 2.66, *p* = 0.11). However, a significant interaction effect between treatment and group exits (*F* = 4.81, *p* = 0.016). A simple contrast analysis revealed that a significant effect could be obtained for the patient group undergoing neurofeedback training of the posterior cingulate cortex (*F* = 22.63, *p* = 0.00005) indicating that after neurofeedback (*M* = 52.00, *Sd* = 13.43) a decrease was obtained for the distress level in comparison to pre neurofeedback (*M* = 64.11, *Sd* = 8.07). No significant effect could be obtained when targeting the lingual gyrus (*F* = 0.21, *p* = 0.65) or if patients were in the waiting list group (*F* = 0.22, *p* = 0.64). An overview is demonstrated in [Fig. 1](#fig1){ref-type="fig"}.Fig. 2Comparison between healthy controls subjects and tinnitus patients before and after neurofeedback treatment targeting the posterior cingulate cortex (PCC). Left and mid panel show decreased (blue) activity in the posterior cingulate cortex for tinnitus patients in comparison to healthy controls subjects for the alpha frequency band and increased (yellow) activity at the auditory cortex for tinnitus patients in comparison to healthy controls subjects before neurofeedback training. The right panel shows increased (yellow) activity at the auditory cortex for tinnitus patients after the neurofeedback training in comparison to healthy controls subjects for the gamma frequency band. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 2

To further explore the data, we sought to determine if patients changed in grade after treatment. For neurofeedback targeting the posterior cingulate cortex, we see that 38.46% of the patients who were a grade 4 go to a lower grade, while the number of patients who became a grade 2 after treatment is 57.14% ([Fig. 2](#fig2){ref-type="fig"}D). These results are not present for neurofeedback targeting the LC or the waiting list group. See [Fig. 1](#fig1){ref-type="fig"}.

3.2. Neuropsychological measures {#sec3.2}
--------------------------------

### 3.2.1. Source localization {#sec3.2.1}

Source analysis comparing pre-versus post-treatment for the three groups, i.e. posterior cingulate cortex, lingual gyrus and waiting list group, did not reveal significant effects for the delta, theta, alpha, beta and gamma frequency bands.

A comparison between a control group and the posterior cingulate cortex neurofeedback tinnitus group pre-treatment showed a significant decrease at the posterior cingulate cortex for the alpha frequency band and a significant increase at the auditory cortex for the gamma frequency band for the posterior cingulate cortex treated neurofeedback tinnitus group in comparison to healthy controls ([Fig. 2](#fig2){ref-type="fig"}). No significant effects were obtained for the delta, theta and beta frequency band.

After neurofeedback, a comparison between a control group and the posterior cingulate cortex group showed a significant increase at the auditory cortex for the gamma frequency band for the posterior cingulate cortex neurofeedback treated tinnitus group in comparison to healthy controls ([Fig. 2](#fig2){ref-type="fig"}). No significant effects were obtained for the delta, theta, alpha and beta frequency band.

### 3.2.2. Region of interest {#sec3.2.2}

A region interest analysis of the activity (= current density) in the posterior cingulate cortex and the lingual gyrus could not reveal a significant effect for the posterior cingulate cortex, lingual gyrus and waiting list group in any of the frequency bands, including delta, theta, alpha, beta and gamma ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3A region of interest analysis for the posterior cingulate cortex shows between pre- and post-treatment targeting the posterior cingulate cortex no significant effects for the tinnitus patients (top panel). A region of interest analysis for the posterior cingulate cortex between the tinnitus patients pre neurofeedback treatment in comparison to healthy controls shows a significant different for the alpha, beta and gamma frequency bands (Mid panel). A region of interest analysis for the posterior cingulate cortex between the tinnitus patients post neurofeedback treatment in comparison to healthy controls shows no significant differences (Bottom panel).Fig. 3

A comparison for the posterior cingulate cortex neurofeedback treated tinnitus group pre-treatment in comparison with the healthy control subjects revealed a significant effect (*F* = 3.91, *p* = 0.008) ([Fig. 3](#fig3){ref-type="fig"}). A univariate test shows that the effect is for alpha (*F* = 4.77, *p* = 0.036) and gamma (*F* = 7.59, *p* = 0.009) frequency bands. For alpha we noted a reduced log-transformed current density for the healthy controls in comparison to the tinnitus group, while for beta and gamma we found an increased log-transformed current density for the tinnitus groups in comparison to the controls. For beta, no significant effect was obtained although the effect was close to significance (*F* = 3.06, *p* = 0.089), showing a similar pattern as for the gamma frequency band. No significant effects were obtained for the delta and theta frequency bands.

A comparison for the posterior cingulate cortex neurofeedback treated tinnitus group post-treatment in comparison with the healthy control subjects revealed no significant effects for the delta, theta, alpha, beta and gamma frequency bands ([Fig. 3](#fig3){ref-type="fig"}).

### 3.2.3. Phase-amplitude nesting {#sec3.2.3}

Phase-amplitude cross-frequency coupling (= nesting) analysis revealed when comparing pre- and post-neurofeedback for the posterior cingulate cortex a general significant effect (*F* = 16.41, *p* = 0.0003). Looking at the alpha-beta (*F* = 4.67, *p* = 0.04) and the alpha-gamma nesting (*F* = 24.85, *p* = 0.0002) revealed a decrease in nesting at the posterior cingulate cortex after neurofeedback training targeting the posterior cingulate cortex compared to before the neurofeedback training (see [Fig. 4](#fig4){ref-type="fig"}). In addition, a significant correlation was obtained between the difference between pre - post neurofeedback for the posterior cingulate cortex treated neurofeedback tinnitus group and the reduction in distress score (pre --post TQ) for the alpha-beta nesting (r = 0.38, *p* = 0.03). This indicates the higher the difference obtained for distress, the more a reduction in nesting was obtained ([Fig. 5](#fig5){ref-type="fig"}). A similar analysis for the alpha-gamma nesting revealed no significant effect (r = 0.17, *p* = 0.22) ([Fig. 5](#fig5){ref-type="fig"}). For loudness no correlation could be obtained for both alpha-beta and alpha-gamma nesting.Fig. 4Phase to power nesting for alpha/beta and alpha/gamma decreases at the level of the posterior cingulate cortex when comparing pre and post neurofeedback (Left panel). Phase to power nesting for alpha/beta and alpha/gamma between healthy controls and tinnitus group pre-treatment shows a significant increased coupling for the tinnitus patients in comparison (Mid panel). After the treatment targeting the posterior cingulate cortex no significant effect for alpha-beta and alpha-gamma nesting was obtained between the tinnitus group and the healthy controls (Right Panel).Fig. 4Fig. 5A correlation between the difference between pre - post neurofeedback for the posterior cingulate cortex and the reduction in distress score (pre --post TQ) for the alpha-beta nesting (left panel) and alpha-gamma nesting (right panel).Fig. 5

A comparison for the posterior cingulate cortex tinnitus group pre-treatment in comparison with the healthy control subjects for alpha-beta and alpha-gamma nesting revealed a significant effect (*F* = 5.62, *p* = 0.008). A univariate test shows that the effect is for both alpha-beta nesting (*F* = 7.74, *p* = 0.013) and alpha-gamma (*F* = 11.04, *p* = 0.002) nesting, indicating that the nesting is higher in the tinnitus group than for the healthy controls ([Fig. 4](#fig4){ref-type="fig"}).

After the treatment targeting the posterior cingulate cortex no significant difference for alpha-beta and alpha-gamma nesting was found between the tinnitus group and the healthy controls (*F* = 0.07, *p* = 0.93) ([Fig. 4](#fig4){ref-type="fig"}).

No significant effects were obtained for the group targeting the lingual gyrus and the waiting list group. A similar analysis using the lingual gyrus as the region of interest could not reveal a significant effect in one of the three groups.

### 3.2.4. Functional connectivity (lagged phase synchronization) {#sec3.2.4}

#### 3.2.4.1. Loudness network {#sec3.2.4.1}

A comparison for the functional connectivity between the auditory cortex and the posterior cingulate cortex for the neurofeedback group targeting the posterior cingulate cortex revealed no significant effects for the delta, theta, alpha, beta and gamma frequency bands. In addition, no significant effect could be demonstrated when looking at the functional connectivity between the posterior cingulate cortex and auditory cortex.

A comparison between healthy controls and the tinnitus group pre- and post-treatment, respectively, targeting the posterior cingulate cortex revealed no significant effects for functional connectivity between the auditory cortex and the posterior cingulate cortex for the delta, theta, alpha, beta and gamma frequency bands.

An identical analysis looking at the functional connectivity between the auditory cortex and the lingual gyrus, as well as the posterior cingulate cortex for the neurofeedback group targeting the lingual gyrus revealed no significant effects for the delta, theta, alpha, beta, and gamma frequency bands.

For the waiting list, no significant effect was obtained between lingual gyrus and posterior cingulate cortex and respectively the auditory cortex for the delta, theta, alpha, beta and gamma frequency bands.

#### 3.2.4.2. Distress network {#sec3.2.4.2}

For posterior cingulate cortex neurofeedback, a comparison for the functional connectivity between the different areas involved in distress (subgenual anterior cingulate cortex, dorsal anterior cingulate cortex, parahippocampus) ([@bib109]) revealed a significant effect (*t* = 4.28, *p* = 0.047) for the alpha frequency band ([Fig. 6](#fig6){ref-type="fig"}). Decreased functional connectivity was observed between the posterior cingulate cortex and dorsal anterior cingulate cortex, the posterior cingulate cortex and subgenual anterior cingulate cortex, the subgenual anterior cingulate cortex and dorsal anterior cingulate cortex, the parahippocampus and subgenual anterior cingulate cortex, while an increased connectivity between the posterior cingulate cortex and the parahippocampus was revealed. No significant effects were obtained for the delta, theta, beta and gamma frequency bands.Fig. 6Functional connectivity for the alpha frequency band changes for tinnitus patients receiving neurofeedback targeting the posterior cingulate cortex when comparing pre-versus post-treatment (Left panel). Functional connectivity for the alpha frequency band between healthy controls and tinnitus patients before neurofeedback training targeting the posterior cingulate cortex. (Mid panel). Functional connectivity for the alpha frequency band between healthy controls and tinnitus patients after neurofeedback training targeting the posterior cingulate cortex. (Right panel). Red: increased connectivity, Blue: decreased connectivity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 6

A comparison between the healthy control subjects and the tinnitus group before the treatment targeting the posterior cingulate cortex for the alpha frequency band ([Fig. 6](#fig6){ref-type="fig"}) showed increased connectivity between the posterior cingulate cortex and respectively dorsal anterior cingulate cortex, the subgenual anterior cingulate cortex and the parahippocampus for the tinnitus group. In addition, also increased connectivity was identified between the dorsal anterior cingulate cortex and the parahippocampus for the tinnitus group in comparison to the healthy controls for the alpha frequency band. No significant effects were obtained for the delta, theta, beta and gamma frequency bands.

A comparison between the healthy control subjects and the tinnitus group after the treatment targeting the posterior cingulate cortex for the alpha frequency band ([Fig. 6](#fig6){ref-type="fig"}) identified increased connectivity between the posterior cingulate cortex and the parahippocampus. Also, decreased connectivity was found for the alpha frequency band between the posterior cingulate cortex and respectively dorsal anterior cingulate cortex as well as the subgenual anterior cingulate cortex. Furthermore, decreased connectivity between the subgenual anterior cingulate cortex and the parahippocampus was identified for the tinnitus group in comparison to the healthy controls. No significant effects were obtained for the delta, theta, beta and gamma frequency bands.

When performing the same analysis for the distress network for neurofeedback of the lingual gyrus, no significant effects for the delta, theta, alpha, beta and gamma frequency bands were revealed. For the waiting list group, no significant effects could be obtained for the delta, theta, alpha, beta and gamma frequency band within the distress network.

### 3.2.5. Effective connectivity {#sec3.2.5}

#### 3.2.5.1. Loudness network {#sec3.2.5.1}

When comparing the effective connectivity between the auditory cortex and the posterior cingulate cortex and the auditory cortex and the lingual gyrus for both the neurofeedback groups targeting the posterior cingulate cortex and the lingual gyrus, no significant effects of the delta, theta, alpha, beta, and gamma frequency bands could be obtained. Similarly, no significant results were present in the waiting list group.

A comparison between healthy controls and the tinnitus group targeting the posterior cingulate cortex revealed no significant effects for effective connectivity in the posterior cingulate cortex, respectively pre and -post-treatment, for the delta, theta, alpha, beta and gamma frequency bands.

#### 3.2.5.2. Distress network {#sec3.2.5.2}

Comparing effective connectivity before and after neurofeedback training targeting the posterior cingulate cortex revealed a significant effect (*F* = 3.11, *p* = 0.04) ([Fig. 7](#fig7){ref-type="fig"}). A post hoc analysis showed a decrease for the alpha frequency from the posterior cingulate cortex to the dorsal anterior cingulate cortex (*F* = 5.64, *p* = 0.03), from the posterior cingulate cortex to the subgenual anterior cingulate cortex (*F* = 6.17, *p* = 0.03), from the parahippocampus to the subgenual anterior cingulate cortex (*F* = 9.20, *p* = 0.01) and an increase from the posterior cingulate cortex and parahippocampus (*F* = 4.49, *p* = 0.05) as well as from the parahippocampus to posterior cingulate cortex (*F* = 4.83, *p* = 0.04). No significant effects were obtained for the delta, theta, beta, and gamma frequency band. In addition, a significant correlation was obtained between the difference between pre - post effective connectivity from the posterior cingulate cortex to the parahippocampus and the reduction in distress score (pre --post TQ) (r = −0.36, *p* = 0.04) ([Fig. 8](#fig8){ref-type="fig"}). This indicates the stronger the effective connectivity differences (pre-post) from the posterior cingulate cortex to the parahippocampus, the stronger the reduction is distress is. A similar analysis between the difference pre - post effective connectivity from the parahipocampus to the posterior cingulate cortex and the reduction in distress score (pre --post TQ) was not significant (r = 0.17, *p* = 0.22) ([Fig. 7](#fig7){ref-type="fig"}). However, a correlation between pre - post effective connectivity from the posterior cingulate cortex to the parahippocampus and from the posterior cingulate cortex to the parahippocampus showed a significant positive correlation (r = 0.43, *p* = 0.02) ([Fig. 8](#fig8){ref-type="fig"}). A similar analysis for other connections and distress revealed no significant effects. In addition, a similar analysis for loudness revealed no significant effect.Fig. 7Effective connectivity for the distress network for the alpha frequency band. Comparing effective connectivity before and after neurofeedback training targeting the posterior cingulate cortex revealed a significant effect (Top panel). A comparison between healthy controls and the tinnitus group targeting the posterior cingulate cortex before treatment showed a significant effect (Mid panel). A comparison between healthy controls and the tinnitus group targeting the posterior cingulate cortex after treatment indicated a significant effect (Bottom panel).Fig. 7Fig. 8Correlation between the reduction in distress score (pre --post TQ and changes in effective connectivity from the posterior cingulate cortex (PCC) to the parahippocampus (PHC) for the distress network (pre-post) for the alpha frequency band shows a negative correlation (Left panel). Correlation between the reduction in distress score (pre --post TQ and changes in effective connectivity from the parahippocampus (PHC) to the posterior cingulate cortex (PCC) to for the distress network (pre-post) for the alpha frequency band shows no significant effect correlation (Mid panel). Correlation between the effective connectivity from the posterior cingulate cortex (PCC) to the parahippocampus (PHC) and the parahippocampus (PHC) to the posterior cingulate cortex (PCC) (pre-post) for the alpha frequency band shows positive correlation (Right panel).Fig. 8

A comparison between healthy controls and the tinnitus group targeting the posterior cingulate cortex before treatment showed a significant effect (*F* = 5.64, *p* = 0.03) ([Fig. 7](#fig7){ref-type="fig"}). An increase was demonstrated for the alpha frequency from the parahippocampus to the dorsal anterior cingulate cortex (*F* = 4.30, *p* = 0.04) for the tinnitus group. No other effects were obtained.

A comparison between healthy controls and the tinnitus group targeting the posterior cingulate cortex after treatment indicated a significant effect (*F* = 7.63, *p* \< 0.001) ([Fig. 8](#fig8){ref-type="fig"}). We found an increase in granger causality from the posterior cingulate cortex to the parahippocampus (*F* = 6.12, *p* = 0.03) and from the parahippocampus to the posterior cingulate cortex (*F* = 5.92, *p* = 0.03). Also reduced Granger causality was noted from the parahippocampus to the subgenual anterior cingulate cortex (*F* = 10.34, *p* = 0.01), from posterior cingulate cortex to the subgenual anterior cingulate cortex (*F* = 2.91, *p* = 0.08), and from parahippocampus to the dorsal anterior cingulate cortex (*F* = 3.63, *p* = 0.05).

A paired *t*-test to compare the effective connectivity pre- and post-treatment when targeting the lingual gyrus with neurofeedback training or when patients were in the waiting list group could not reveal a significant effect for the delta, theta, alpha, beta, and gamma frequency band.

4. Discussion {#sec4}
=============

The main goal of this study was to apply neurofeedback training of the posterior cingulate cortex in patients with chronic tinnitus in an attempt to reduce tinnitus related distress via normalization of brain activity and connectivity. This was pursued by up-regulation of alpha activity, i.e. the normal resting state activity of the posterior cingulate cortex, which is decreased in tinnitus distress ([@bib109]) and down-regulation of beta and gamma activity and by assessing the effect of neurofeedback training on neural activity of the target region as well as on functional and effective connectivity and on cross-frequency coupling. This study revealed that neurofeedback training of the posterior cingulate cortex results in a significant decrease of tinnitus related distress, mainly due to its impact on highly distressed patients, i.e. grade III (very severely distressed) and IV (extremely distressed with psychological decompensation). An unexpected (see ([@bib8])) but very important finding is that there was no significant effect on neural activity of the target region, i.e. the alpha current density did not increase and the beta current density did not decrease, even though there was a clinical improvement, suggesting that activity of the posterior cingulate cortex is not the determining factor in the clinical phenomenology per se. However, a comparison with control subjects showed that before the treatment the tinnitus patients were characterized by a decrease in alpha activity, which disappeared after the neurofeedback treatment. The observed changes of distress modulation without loudness modulation have been described after cingulotomies, in which a lesion is made in the dorsal part of the anterior cingulate cortex ([@bib5]). Previous studies suggest that gamma activity in the auditory cortex is related to tinnitus loudness ([@bib22], [@bib104]). In comparison to healthy controls, tinnitus patients showed increased gamma band activity in the auditory cortex both pre and post-treatment. These findings could explain why the loudness is not modified by neurofeedback training targeting the posterior cingulate cortex, as the gamma activity within the auditory cortex is not modulated. In this study, the functional connectivity between posterior cingulate cortex and dorsal anterior cingulate cortex and effective connectivity from the posterior cingulate cortex to the dorsal anterior cingulate cortex is decreased, which could exert a similar suppressing effect on the dorsal anterior cingulate cortex. This finding was further confirmed, showing that in comparison to healthy controls the functional and effective connectivity from the posterior cingulate cortex to the dorsal anterior cingulate cortex is decreased.

Interestingly, training of a brain area not related to tinnitus (distress), i.e. the lingual gyrus, could neither induce a reduction of tinnitus loudness nor a reduction of tinnitus related distress, suggesting that nonspecific training does not result in a therapeutic effect, and that the clinical beneficial effect is not an aspecific effect, but that neurofeedback training has to access the network involved in the clinical picture.

It has been previously demonstrated that tinnitus loudness and distress are related to distinct and separable neural networks in that tinnitus related distress correlates with alpha and beta activity in the dorsal anterior cingulate while the amount of perceived distress is related to increased alpha activity in a network comprising the amygdala - subgenual anterior cingulate cortex -- insula - parahippocampus area and decreased alpha activity in the posterior cingulate cortex, precuneus and dorsolateral prefrontal cortex ([@bib109]). An independent component analysis revealed that distress correlates with increased alpha activity in the subgenual anterior cingulate cortex/ventromedial prefrontal cortex and increased beta activity in the dorsal anterior cingulate cortex, in addition to decreased alpha and beta activity in the posterior cingulate cortex ([@bib18], [@bib19], [@bib115]). This is possibly causally related as moderating tinnitus related distress by the intake of alcohol was associated with decreased beta and gamma activity and increased alpha activity in the posterior cingulate cortex extending into the precuneus ([@bib106]).

Communication between cortically distant areas has been proposed to be coordinated via cross-frequency coupling, that is, where properties of two different frequency signals become correlated ([@bib90], [@bib81], [@bib37]). Importantly, it has been suggested that low-frequencies modulate activity over large spatial regions in long temporal windows, whereas high frequencies modulate activity over small spatial regions and short temporal windows ([@bib119]). In other words, low frequencies (delta, theta, alpha) can be considered as carrier waves ([@bib27]), and higher frequencies (beta, gamma) as information waves, and the higher frequencies are nested or carried by the lower frequencies. In this study we looked at cross-frequency coupling, i.e. power to phase nesting at the posterior cingulate cortex and lingual gyrus for all three groups. When observing phase to power coupling, neurofeedback training decreased alpha-beta and alpha-gamma nesting. This was further confirmed by comparison to healthy controls, demonstrating that before neurofeedback treatment targeting the posterior cingulate cortex tinnitus patients have increased alpha-beta and alpha-gamma nesting, while after neurofeedback training no differences were shown in comparison to healthy controls, i.e. the abnormal nesting was normalized. This suggests that neurofeedback could remove the information, processed in beta and gamma, from the carrier wave, alpha, which carries the high frequency information ([@bib92]). Moreover, current models of perception posit that the brain actively looks for information it predicts to be present in the environment based on an intention or goal ([@bib26]), in which predicting "when" predominantly involves low-frequency oscillations, predicting "what" points to a combined role of beta and gamma oscillations. In addition, there is a growing body of evidence that implicates rhythmic activity in the alpha band in cortical communication and cognition ([@bib43], [@bib49]) and according to the inhibition timing hypothesis ([@bib49]), alpha oscillations may play an active role during cognitive processes through the inhibition of task-irrelevant brain regions ([@bib78]). By decoupling and normalizing the alpha-beta and alpha-gamma nesting this process might inhibit irrelevant information (i.e. stress associated with tinnitus) or reduce the information transmission.

As a normal working brain requires the concerted action of multiple brain networks, it is not surprising that abnormal brain states, as in several neurological and psychiatric disorders, are thought to arise from the impaired functional coupling of remote brain areas ([@bib4], [@bib28], [@bib40], [@bib45], [@bib102], [@bib120], [@bib125]). The default mode network is one of the most consistently identified functional brain networks, which becomes most active when individuals are left to mind wander, i.e. to engage in stimulus-independent thought ([@bib55]), especially with regards to mental explorations referenced to one-self, including remembering, considering hypothetical social interactions, and thinking about one\'s own future ([@bib7]), while it becomes deactivated during task related or stimulus dependent cognitive processing ([@bib87], [@bib59]). Attenuation of the default mode network is a prerequisite for effective performance when switching to externally oriented processing ([@bib88]). A major hub of the default mode network is the posterior cingulate cortex, a brain area representing a sub-component cognitive process of self-reference, i.e. getting caught up in one\'s experience ([@bib6]). In normal circumstances, the default network correlates positively with alpha activity ([@bib54], [@bib42]), while in distressed tinnitus patients decreased alpha activity is consistently identified at the posterior cingulate cortex ([@bib109], [@bib115]), possibly reflecting the continuously active processing and pathologic awareness of a non-existing sound in the environment, inhibiting a person to find himself into a conscious resting or default mode state. Moreover, the posterior cingulate cortex has been proposed to exert a salience-based cognitive auditory comparator function ([@bib51]). This could be related to its flip-flop mechanism involved in encoding items (sound) into memory or retrieving items (sound) from memory ([@bib41], [@bib47]). When the posterior cingulate cortex component is deficient or less active, such as in distressed tinnitus patients, this might reflect the incapability of the posterior cingulate cortex to exert its salience based comparator function, pulling irrelevant auditory information, i.e. tinnitus, from the (para)hippocampal memory ([@bib17]). Activity in the posterior cingulate cortex has been linked to successful retrieval from auditory (and visual) memory ([@bib86], [@bib80]), while axonal tracing studies ([@bib95], [@bib64]) have demonstrated neural connectivity between the posterior cingulate cortex and medial temporal lobe regions, including the parahippocampal gyrus, a region known to be the link between the default mode network and memory ([@bib121]). In addition to the decreased activity in the posterior cingulate cortex an increased activity of the dorsal anterior cingulate cortex, which forms a core region of the salience network, has been revealed in distressed tinnitus patients. The salience network is considered a switch between the default network and the dorsal attention or stimulus dependent network in the presence of relevant stimuli ([@bib85]). Hence, influencing the connectivity between the dorsal anterior cingulate cortex and posterior cingulate cortex/parahippocampus region may have an impact on the salience attributed to the tinnitus sound. In other words, the increased functional connectivity between the default mode network and the salience network, which signals and processes behaviorally relevant information, impedes normal anti-correlated activity ([@bib15]). Moreover, a very specific connection between the subgenual anterior cingulate cortex/ventromedial prefrontal cortex and parahippocampal region at 10 and 11.5 Hz has been highlighted as the crucial link between the tinnitus loudness and distress network ([@bib115]) and decreasing the functional and/or effective connectivity between the subgenual anterior cingulate cortex and the parahippocampus region in the alpha range may have the ability of disrupting the communication between the parahippocampus and the subgenual anterior cingulate cortex/ventromedial prefrontal cortex, i.e. disconnecting the tinnitus loudness and distress network. Furthermore, the parahippocampus and subgenual anterior cingulate cortex are part of a non-specific aversive distress network ([@bib65]), and disrupting the distress network might block its emergent property, distress to arise.

The promising results of this neurofeedback study on tinnitus related distress may be applicable for other pathologies as well. First of all, the tinnitus distress network is an aspecific network, known as a multimodal salience network ([@bib53], [@bib66]), activated by sound, somatosensory, nociceptive, and visual stimuli ([@bib53], [@bib66]). Patients with tinnitus and chronic pain share many similarities clinically ([@bib63]), pathophysiologically ([@bib18], [@bib19], [@bib16], [@bib100]) and treatment-wise ([@bib16]). Moreover both have a sensory/discriminative and affective dimension related to distinct neural networks ([@bib18], [@bib19], [@bib20]), whereas a sensory-discriminative aspect of chronic pain is related to the primary and secondary cortices, the affective component comprises the medial thalamic nuclei, anterior cingulate cortex, insula, prefrontal cortices as well as the amygdala ([@bib101], [@bib1], [@bib2]). Hence, demonstrating an overlap with the brain areas of the tinnitus related distress network. Moreover, areas involved in the distress network of tinnitus and chronic pain are similar to those in dyspnea ([@bib118]), social rejection ([@bib56]) and somatoform disorders ([@bib50]), supporting the statement that the distress network is rather aspecific. In addition, various pathologies have been related to a dysfunctional default network including autism ([@bib48], [@bib12]), Alzheimer\'s disease ([@bib125], [@bib77], [@bib93]), depression ([@bib34]), schizophrenia ([@bib30], [@bib35]), ADHD ([@bib98]), and even chronic pain ([@bib3]). Currently, limited studies have applied source localized EEG neurofeedback, however some promising results concerning its therapeutic abilities have been demonstrated. One study, performing source localized neurofeedback training of the precuneus in both healthy subject and adults with heterogeneous psychiatric disorders reported an improvement in executive functions in all participants as well as significantly less psychopathology ([@bib10]), moreover resting state fMRI of the insula in schizophrenia patients could reveal a learning effect in self-regulation which led to changes in the perception of emotions and this in the presence of modulation of brain network connectivity ([@bib79]). Based on the observation that much pathology is the result of an abnormal functional connectivity within and between neural networks ([@bib25]), e.g. the default network, various pathologies should be considered eligible candidates for the application of source localized EEG based neurofeedback training.

A limitation of this study is the low resolution of the source localization inherently resulting from a limited number of sensors (19 electrodes) and a lack of subject-specific anatomical forward models. This is sufficient for source reconstruction but results in greater uncertainty in source localization and decreased anatomical precision, and thus the spatial precision of the present study is considerably lower than that of functional MRI. Nevertheless, sLORETA has received considerable validation from studies combining LORETA with other more established localization methods, such as functional Magnetic Resonance Imaging (fMRI) ([@bib67], [@bib116]), structural MRI ([@bib123]), Positron Emission Tomography (PET) ([@bib23], [@bib75], [@bib126]) and was used in previous studies to detect for example activity in the auditory cortex ([@bib124], [@bib111], [@bib112], [@bib113]). Further sLORETA validation has been based on accepting as ground truth the localization findings obtained from invasive, implanted depth electrodes, in which case there are several studies in epilepsy ([@bib127], [@bib128]) and cognitive ERPs ([@bib117]). It is worth emphasizing that deep structures such as the anterior cingulate cortex ([@bib74]), and mesial temporal lobes ([@bib129]) can be correctly localized with these methods. The involvement of the parahippocampus was already illustrated in previous research using sLORTEA ([@bib62], [@bib105], [@bib106], [@bib112], [@bib113]; [@bib108]), and was confirmed subsequently by PET ([@bib91]) and MRI ([@bib57], [@bib58], [@bib84]) studies, suggesting the reliability of activity changes in deeper cortical structures in tinnitus. Our data further illustrate that source reconstruction can clearly make a difference between the hippocampus and the parahippocampus as the lagged phase synchronization is relatively small. However, further research could improve spatial precision, and higher spatial accuracy could be achieved using high-density EEG (e.g., 128 or 256 electrodes) and subject-specific head models, as well as by confirmation by magnetoencephalography (MEG) recordings.

In summary, EEG based neurofeedback training of a target region may have specific and selective therapeutic consequences, not necessarily by influencing neural activity of the target region but rather by influencing the functional and effectivity connectivity between remote brain regions or functional networks as well as by altering cross frequency coupling of the target region. In distressed tinnitus patients, the posterior cingulate cortex is a considerable candidate for further application of neurofeedback training as it is a consistently identified brain area of the tinnitus related distress network and a major hub of the default mode network with a wide range of connections to remote brain areas. Further research needs to be done about the alterations of effective connectivity underlying various pathologies and the optimal parameters used for neurofeedback training, including the target region and frequency.
